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THERMAL KEASUREKENTS 

HISTORICAL BACKGROUND 

Lunar r ad ia t ions  have been used t o  estimate sur face  and eub- 

Such data have surface temperatures as functions of t i m e  (1, 2,3,4), 
been used t o  estimate the  thermal conductivity and the  cha rac t e r  of 

t he  lunar  surface material (4,s). me temperature extremes were c a l -  

culated t o  be about 390" K a t  maximum and about 120° R a t  minimum f o r  

the surface (1). 

thermocouple a t  the focus of a telescoge. 

depth of about 40 c m  were calculated using the microwave thermal 

r ad ia t ion  from the  moon a t  a wave length of about 1-25 c m  (4) .  

amplitude of the temperature variat-Ion w a s  seen t o  be considerably 

smaller than a t  the surface,  a maximum of 300" K and a minimum of * -  

197" K. 

t he  temperature of the deep i n t e r i o r  of the  moon. 

t u r e  f luc tua t ions  noted during t o t a l  ec l ip se  (3) are postsible only 

if  the a u p e r f i c i a l  l aye r  of the moon's surface c o n s i s t s  of extremely 

poor heat conductors. 

proposed the  theory that the  moon's surface is covered by a l a y e r  of 

dus t ,  which, a t  very low pressures  of atmospheric gases, becomes a n  

exce l len t  i n su la to r .  

ness of t h i s  l a y e r  t o  be on the order  of 1 m i l l i m e t e r ,  based on the 

assumption that the mater ia l  of the moon's c rus t  is s o l i d ,  w i t h  a 

conduct ivi ty  similar t o  that of terrestrial rocks o r  lava.  

supposi t ions a r e  correct it is i n t e r e s t i n g  t o  speculate on the 

dis turbance of the surface of the moon and the changes i n  sur face  

.- 

These values were determined by use of a vacuum 

Temperatures at  a n  average 

The 

I 

From the microwave data a n  estimate of 234" K wps formed for  

Extreme tempera- 

1 
Wesselink (5), ?iddington and Minnett (4)  

1 

Plddington and Minnett ( 4 )  computed the thick- 

If these 
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prcpe r t t e s  as a rocket landing is  attempted wi th ,  presumably, 

dcceleraLing and s t ee r ing  b l a s t s  d i r ec t ed  a t  the  surface.  

from removal of surface dust l aye r s  there  i s  a l s o  the p robab i l i t y  

t h a t  chemical transformations would be brought about i n  surface 

l a y e r s  i n  the  atmosphere of high temperature exhaust gases from 

the rocket.  

Aside 

MEASUXEPIENTS 

Surface Temperatures 

The nature of t he  surface is unknown, is probably var iab le  

from place t o  place on the  moon's surface,  and w i l l  possibly be 

a l t e r e d  by the landing i tself .  The i n t e n t  is t o  determine values i n  

t h e  immediate region of instrument package f o r  surface temperatures, 

temperatures as a funct ion of depth, and thermal d i f f u s i v i t y .  

i n g  thermocouple junctions o r  thermistors  In int imate  contact with 

a sur fac  presumed t o  be t h a t  of a mater ia l  of low thermal conduc- 

t i v i t y  i s  d i f f i c u l t ,  and it would be v i r t u a l l y  impossible t o  place 

junct ions exac t ly  at the  outer  surface of a t h i n  dus t  layer. Severe 

thermal grad ien ts  a r e  presumed t o  e x i s t  i n  a very t h i n  surface l a y e r  

of the moon's c rus t ,  making a t r u e  surface measurement desirable. 

Thermocouple or thermistor elements t o  be used i n  the instrument 

package would have t o  be placed i n  contact with a surface which could 

be a dus t  layer ,  a f a i r l y  sof t  rock, or  a hard glassy rock. 

i n g  a system of placement t o  meet a l l  condi t ions would probably 

r e s u l t  i n  an uncer ta in ty  of depth of the measuring poin ts  below sw- 

face ,  giving rise t o  corresponding unce r t a in t i e s  I n  temperature 

measurement. Further ,  placement of thermocouple junctions o r  

Plac- 

ie 

DesIGn- 

1 :734.62. 
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thermistor beads w i t h  t h e  w i r e s  necessary for measureaent involves 

t r ans fe r  of heat  between measuring u n i t  and environment which pro- 

duces another uncer ta in ty  i n  temperature measurement, p a r t i c u l a r l y  

xhen t h e  environment i s  a mater ia l  of low hea t  capac i ty  and low . 

thermal conductivity. 

Methods of estimating e r r o r s  i n  su r face  thermometry are 

I 

I ,  

. ,  
I 

I t 

* I  
given by Jakob (8, sec t ion  33-4, page 153). 

8 bounded by a plane surface,  which is  p e r f e c t l y  in su la t ed  aga ins t  

Assume an i n f i n i t e l y  
t i  
i i  

f 

extended body of thermal conductivity Ki and uniform temperature 
i 
i 
il 
! I  

heat l o s ses  except a t  one small c i r c l e  of diamter 2r0, from which 

a w i r e  of thermal conduct ivi ty  \ of length 1 and rad ius  ro per- 

f e c t l y  i n s d a t e d  except a t  t h e  ends extends t o  a body of constant t 
i 

temperature 6b. Allow t h e  contact between w i r e  and sur faces  a t  each I 

end t o  be without r e s i s t a n c e  t o  hea t  flow. The temperature 6, of 

t h e  i n t e r f a c e  between i n f i n i t e  body and w i r e  is t o  be determined. 

For the  amount of heat p e r  u n i t  time t r ans fe r r ed  between wirc and 

I 

i n f i n i t e  body Jakob gives the  equation 

For t h e  amount of heat  t r ans fe r r ed  per u n i t  time along the w i r e  1 l  

The quan t i ty  6, - eb is the  measured difference between reference 

point  and thermocouple junction, whi le  the  q u a n t i t y  8 - .eo can be 

considered the  e r r o r  i n  measurement 

i 

i ,  t 
I 

Taking the  following values  f o r  t h e  conduct ivl tes ,  

cala/cm oc see. I 
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K IO-' (approx. value f o r  iron, constantan.Copper IS on 
t h e  order of 1). I6 

and assuming a value f o r  ro of .01 cm and f o r  1, 100 cm. , then 

(4) e - eo = io 3 (eo - q,) 
. 

An i d e a l  system has been assumed i n  which r ad ia t ion  trans- 

f e r  has been neglected and I n  which there is perfect  thermal con- 

t a c t  a t  t h e  measuring point. 

represented by a 1 meter length of w i r e  having a diameter of 0.2 mm. 

The thermocouple wire has  been 

For t h i s  case, an e r r o r  I n  measurement e x i s t s  amounting t o  8$ of the  

obsemred temperature d i f fe rence  between reference point and measur- 

i n g  junction. 

I n  t h e  case of thermistor  beads, a f u r t h e r  complication 

e x i s t s  i n  t h e  need for a s m a l l  power d i s s ipa t ion  wi th in  the  bead 

during measurement. 

Development of  a suitable r ad ia t ion  pyrometer o f f e r s  some 

promise f o r  sur face  temperature measurement. 

na ture  of the sur face  the rad ia t ion  pyrometer need not phys ica l ly  

d i s tu rb  it, and can be placed a t  such a dis tance  from t h e  surface 

a s  t o  have no e f f e c t  on its temperature. 

Regardless of t he  

Indeed t h e  r ad ia t ion  

pyroneter can be housed w i t h i n  t h e  instrument package and can 

poss ib ly  be arranged t o  "scan" the surrounding areas.  

The reading given by such a device i s  dependent on o the r  

parameters i n  addi t ion  t o  t h e  temperature of the  surface,  these being 

the  "emissivity" of t h e  surface,  (a  property determined by the  

na ture  of t h e  su r face  and the mater ia l  of which It is composed) and 

t h e  nature  and temperature of the  environment of t h e  detecting de- 

v i c e  (6,7). The environment of t he  de t ec t ing  device can be held 
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constant,  leaving t h e  surface propert ies  as variublzs.  Mouzen a n i  

Dyer (7)  and McAdams ( 9 ,  Fig. 4-2, page 62) ,sho1~ tnat, as tsmpera- 

tu res  decrease, t h e  emiss iv i t ies  of varicus pa in ts  and r e r r ac to r i3s  

approach 90 percent o r  more a t  100OC. 

within the temperature ranges considered thi? em2asIvlty of moon's 

surface w i l l  be c lose t o  t h a t  of a black body. 

It is  c,ulte possible  that  

Jakob (8, sec t ion  33-1C, gage 1901 states t h a t  the respcnse 

of a t o t a l  rad ia t ion  pyromztar 1s given by the expression 
( 6 )  $ =  C €  8 4 

0 = absolute temperature cr' the  radiatiwa surface, 

C = instrument conatant. 

E = emissivity.  

J,$ = response. 
I 

then. 
0 4 " = f .  - 

€ 
4 7  

o r  

. 

The apparent black body temperature I s  

i f  e = 0.9 then 

( 9 )  * & 
Giving a maximum e r r o r  due t o  emissivity var ia t ion  i n  determi- 

nat ion on the order of 3 percent of the  observed value, t h i s  error  

r e s u l t i n g  from an unknown emissivity 1> € > 0.9- 
Several means are ava i lab le  for creat ing a known emissi- 

v i t y ,  o r  cor rec t ing  for an unknown emissivity.  The "two color" 
* .  
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princi;;le uses t h e  r a t i o  of two i n t e n s i t i e s  i n  two f r ac t ions  of t h e  

spectrum a s  a measure of temperature on the  assumption t h a t  t h e  r.ean 

e a i s s i v i t i e s  a r e  the  same a t  both wave length ranges, 

emissiirity can be created by spraying a fine f i l m  of known m t e r i a l  

on the sur face  (which may a l t e r  conduct ivi ty  p rope r t i e s  t o  some cx- 

t e n t ) .  If a hole i s  created w i t h i n  &e surface,  a measure of t h e  

emitted rad ia t ion  w i l l  g ive t h e  black b o w  temperature, but t h i s  

temperature w i l l  be some average over t h e  depth of t h e  hole. 

most promising a t t a c k  on a t r u e  sur face  temperature measurement is 

f e l t  t o  be rad ia t ion  pyrometer development. 

A h o * m  

The 
0 

Subsurface Temperature Measurement and Thermal 
DlfI-usivity Det ermlnation 

Subsurface measurenents have again t h e  problems of contact  

and disturbance of environment commented upon i n  the  discussion of 

surface temperature determination. 

rad ia t ion  pyromoter s u f f i c i e n t l y  small t o  be lowered i n  a too l .  

a good r e f l e c t o r  could be found f o r  por t ions  of t h e  spectrum con- 

sidered usable f o r  temperature' measurements t h i s ,  providing It could 

be made i n  a form and weight t o  g ive  minimum disturbance of the 

hole,  m i g h t  be used t o  "log" a hole  f o r  temperature by r e f l e c t i n g  

wall emission i n t o  a p,yrometer focused f o r  a narrow beam. 

It is d i f f i c u l t  t o  Imagine a 

If 

Us ing  thermistors  o r  thermocowles subsurface would lcvolve 

developing probe elemente of low heat  capaci ty  and low thermal con- 

duc t iv i ty  provided wi th  means fo r  e s t ab l i sh ing  thermal contact a t  

each point of measurement. 

couples f o r  surface measurement on t h e  assumption of good thermal 

contact and ignoring radiat ion l o s s  was dlscussed previously. 

The e r r o r  involved i n  use of thermo- 

% I s  

7 
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develapncnt i l l u s t r a t e d  t h e  disturbance i n  temperature assoc ia ted  

with placing f i n e  wires  i n  contact with mater ia l s  of conduct ivi ty  

l e e s  5hRn cals/cm. sea. C. Probe aystems f o r  subsurface 

measurement would of neceaeity be 6tUrdlly conetructed involving 

therefore  a f a i r l y  l a rge  ma88 and a high thermal conductivity. 

0 

12 

l a  poesiblo t o  daelgn a system which oompensatee for hoat tranofe-;, 

along the  probe (13). This would require  construct ion cf a probe 

with r ad ia t ion  shrelding t o  minimize hea t  t r s n s f e r  t o  the sur face  

except a t  the point  of measurement. 

temperature sensing elements would then de tec t  'thermal gradien ts  

a l o n g  the probe and a means of heat ing  and cooling between the  metlaur- 

in@; polnt  and reference junotlon would be used t o  br ing a x i a l  heat 

f lux  from the measuring po ln t  t o  a desired neg l ig ib l s  value. 

r ad ia t lon  sh ie ld ing  and thls low a x i a l  heat t r a n s f e r  were a t t a i n e d  

f x  the probe, the  response of t h e  system would be a funct ion of the 

mass of the  measuring poin t ,  the t r a n s f e r  of energy (by conducticn 

and/or r ad ia t ion )  between surface and measuring poin t  , and the thermal 

d i f f u s l v i t y  of the environment. 

could be expected f o r  each point. 

\ 

A d i f f e r e n t i a l  system of 

If 

A slow attainment of equilibrium i 

Probe systems have been developed f o r  estimatim of thermal 

d i f f u s i v i t y  by t r a n s i e n t  heat  flow observations (11, 12). 

probes contain a means of heating and temperature sensing elements. 

The device could take the form of a subsurface l i n e a r  probe o r  

sphere o r  a d i s c  placeC on surface. 

t r a n s f e r s  of energy 3y r ad ia t ion  would have t o  be estimated i n  

data treatment. 

any of the following observationa. 

These 

I n  the l a t t e r  case the boundary 

The thermal d l f f u s l v l t y  could be estimated from 

1 :794.6-7 
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1. Temperature vs. time curve of the probe instactaneously 

brought t o  a temperature d i f f e r i n g  from the  enviroment .  

2. Temperature v8. t h e  for the  probe, o r ig i rAl ly  i n  

equ i l ib r lun  w i t h  the environment, a t  a constant power d i s s ipa t ion .  

3. Power vs. tlme required t o  maintain a probe temperature 

d i f f e r i n g  from the original temperature of the env l roment .  

Carslaw and Jaeger (10, Chapt. X, 104, page 222) treat  

the  problen: of a continuous spher ica l  source with a constant rate 

of heat  l i be ra t ion .  Their so lu t ion  f o r  temperature d i s t r i b b i l o n  

4k-t 
9 -( r-rf ) 2 

I s :  - 
(10) Q =  

r+r + (r+rf) erfc - - 1/2 2( k t  ) 
- 1 r-r 1 erfc ir-r '1 

2(kt )  - .  . where 

8 = temperature rise 

k = thermal d i f f u s i v l t y ;  

r = radial p o s i t i o n  

q = rate of heat d i s s i p a t i o n  

c = s p e c i f i c  heat of medium 

rt= radius  of spherical source 

t = time 

P =  dens i ty  of medium 

The equation at  r = r' red1 ?ea t o  

3 + rf e r f c  - r' 
( k t ) l /  

T h i s  i s  assumed t o  be a c lose  approximation, fo r  a small 

value of r ' ,  t o  the temperature increases  seen a t  the  sur face  of a 

1 :794.6-8 

7 



- -  
-9- 

s2her ica l  body of radius  r t  tr i  an i n f i n i t e  medica generat ing hea: 

a t  a constant rate q w i t h  pe r f ec t  shermal contact  a t  the surface.  

For est imat ing temperature increase3 i n  a spher ica l  probe the 

following values of the parameters were selected. 

q = 1 cal/min. t = 100 min. 

r*= 1 c m  * c = 0.25 

. Take the following values  of Kl: 
10-3, 10-4, 10-5, 10-6, 2.7 x 10-6 cals/cm. sec. oc 

The so lu t ions-obta ined  are given i n  Table I. 

TABLE I _ _  
xi (cal/crn. sec. "c) 

10-3 1 

10-5 30 

Q ("a 

8 I 

52 6 2.7 x 10- 

lo+ 92 

To estimate the effect of contact  it is next assume.d that 

no conduction path e x i s t s  between sphere and medium, hea t  t r a n s f e r  

tak ing  p lace  by r a d i a t i o n  acrogs a very t h i n  non-absorbing layer. 

The temperature d i f fe rence  between sur faces  of the sphere and the 

environment is  estimated by use of the following equation (8, Jakoo, 

Se'ction 31-3, page 3),  assuming emhssivi t ies  of both surfaces  are 

uni ty .  . 
q1 = energy interchange pe r  u n i t  time per  u n i t  area 
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C = constant o f  the  Stefan-Boltzmn l an  = 4.88 x 10-8K - cal/rn2 hr* OK 4 

Q2,Q1 = absolu te  temperatures.of the  sur faces  

For a hea t  transfer of 1 cal/min. (equilibrium condi t ions)  

ac ross  the surface of a sphere rad ius  E 1 cm, g1 = 50 X-cal /m2 hr. then 

(13) (01 4 - 02)  4 = 10 9 

From (13, Table I1 was constructed where Q2 is the tempera- 

t u r e  of the medium. 

TABLE I1 

QlOK Q20K AQoS 

182 100 82 
226 - 200 26 

9 
265 250 15 
309 300 

It is now poss ib l e  t o  cons t ruc t  a tzble f o r  the observed 

teinperature r i se  of the sphere under t h e  assumed condi t ions of: 

power d i s s ipa t ion ,  considering that the aqd i t iona l  r e s i s t a n c e  t o  

heat flow generated by r ad ia t ion  adds as a simple increment of 
temperature t o  the previously calculated values of observed tempera- a 

t u r e  rise under condi t ions of perfect thermal contact .  

TABLE I11 

Ki 
cals/cm sec O c  

10-3 

10-5 
2.7 x 

Temp. Rise Temp. R i s e  Temp. R i s e  
Temp. R i s e  Radiation Radiation Radiat ion . 
Per fec t  Thermal 
Contact 

Ned. a t  Med. et 
250°K 300'K 

1 
8 
30 
52 
92 

27 
34 
56 
78 
118 

- 

16 
23 
45. 

. 67 
107 

10 
17 
39 
61 
101 
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Table I11 was used t o  construct Fig. 1 which w i l l  allow an 

estimate of t h e  uncer ta in ty  I n  thermal conductivity determination 

f o r  various values of thermal conductivity and a t  var ious tempera- 

t u re  l e v e l s  f o r  t h e  assumed probe parameters. 

i.tsclf tha t ,  i n s t ead  of attempting t o  a t t a i n  good thermal contact  

The idea suggests 

wi th  a sur face  of unknown character ,  a more reasonable approach is 

t o  force  a s i t u a t i o n  of no physical contact.  

f a i r  accuracy a cor rec t ion  for rad ia t ion  t r a n s f e r  may be feas ib le ,  

el iminat ing the need f o r  estimating the  physical contact  a r e a s  

betweer probe and surface. 

I n  t h i s  case, w i t h  

Using t h e  so lu t ion  f o r  an instantaneous sphe r i ca l  surface 

sou-xe, t he  temperature d l s t r ibu t ibn  I n  a n  l n f l n i t e  medium is  given 

by (Jakob, Vol .  I, See. 17-4, page 3 0 )  

* .  

. 

This has been used t o  estimate t h e  upper l i m i t  of cooling r a t e  for 

a body i n  t h e  following manner. An i ron  sphere of rad ius  1 cm, is 

o r i g i n a l l y  100°C above the  environment temperature. The amount of 

heat  t o  be t r ans fe r r ed  t o  the  environment i s  piron iron 

370 ca lo r i e s .  

v 2 ( A O )  = C 

It is next assumed t h a t  t h i s  quant i ty  of heat  i s  

re leased  i n  an Instantaneous spherzcal surface source, S = 1 cm, and 

t h e  temperature followed w i t h  time a t  r = 1 cm. 

then,  

k = thermal d i f f u s i v l t y  of t h e  medium 

K = thermal conductivity of medium 

; 

! i 
! 

i 

! 
i 

i 
1 
i 
i 

i 

! 

i 

! 

! 
i 
I 

i 
1 
i 

i 
i 
I 

I 

i 
i 

I 
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where P and c ace the medium density and s p e c i f i c  K k =  - 
P C  

heat respectively. Fig. 2 plots results of this calculation. Ur.der 

the assuiied conditions a very slow attainment of thermal equilibrium 

is experienced for thermal conductivities below cals 
yet. uc. 

For these low conductivities there is some concern about the effect 

of additional heat sources on thermal measurements. These 

additional thermal disturbances are, for example, heat generatec 

in drilling and heat transferred between medium and large masses 01 

material of relatively low conductivity. Slow attainment of 

equilibrium temperature can be expected after any such disturbance 

for a medium conductivity of less than lo+ cais/cm. sec. O C .  

CONCLliSI ONS L 

1. The most likely device for surface temperature determi- 

nation is sane f o m  of total radiation pyrometer. 

2. The most likely device for subsurface temperature 

determination is F. thermocouple probe provided with heating/coollng 

devices between reference junction and measuring point.to obtain 

minirr,wn axial heat flow. A slow response can be expected from such 

an instrument. r 

3. It seems feasible to arrange some form of probe system 

for a single point determination of thermal diffusivity by imposing 

a transient heat flow. It may be desirable in such an instrument 

; to transfer heat between probe and medium by radiation only. 
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